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ABSTRACT 


Due to the rise in global biodiesel production, the amount of crude glycerol, the main byproduct, has 
increased steadily. Identification of high value added outlets for crude glycerol has been explored in 
detail to increase the overall economics of the biodiesel process. Examples are the use of glycerol for the 
synthesis of green biobased chemicals and the conversion to hydrogen and/or syngas. Supercritical 
water has received considerable attention as reaction medium for glycerol reforming because it allows 
the processing of streams with high moisture content and the production of clean gas at high pressure, 


Keywords: being attractive from an environmental point of view. The recent interest in supercritical water 
Glycerol - reforming of biomass, especially glycerol, has created the need for the available data in this specific 
ea Water field to be collected and compared. This review, the first to deal exclusively with glycerol processing, 
Hydrogen focuses on the production of gas and of organic components in supercritical water. Both catalytic and 
non-catalytic reforming of glycerol is considered and thermodynamics are addressed. The results 
suggest that the process conditions during supercritical water reforming of glycerol should depend on 
the aimed products. Low temperatures, high pressures, concentrated feed solutions and acidic catalyst 
will generate liquid products, with acrolein as the main compound. For gasification, high temperatures, 

lower pressures, dilute feed solutions and alkali or metal catalysts should be used. 
© 2013 Elsevier Ltd. All rights reserved. 
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1. Introduction 


associated with the use of fossil fuels [1-3]. The main environ- 
mental concern refers to the generation of CO, during fossil fuel 


The conversion of biomass to heat and power, biofuels and 
biobased chemicals has attracted a lot of attention recently, 
largely due to the environmental and socio-economic problems 
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processing to produce energy and synthesize various chemicals. 
The production of biobased chemicals and energy carriers is 
considered to be carbon-neutral, since the CO2 generated during 
processing can be absorbed by plants during their growth. One 
example is the conversion of biomass to green H3, an excellent 
energy carrier that is expected to be an important next generation 
fuel [4,5]. 
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A very attractive platform chemical from biomass is glycerol, 
which was identified as a top 12 biobased chemical in recent 
studies by the department of energy of the US [6]. An overview of 
possible biobased chemicals derived from glycerol is given in 
Fig. 1. Glycerol is the main byproduct of the biodiesel industry 
and the global increase in the production of biodiesel (in 2010 
European output of biodiesel was of 9.57 million tones [7]) has 
led to a simultaneous increase in the amount of crude glycerol, 
causing prices to drop. Therefore the identification of high value 
added outlets for crude glycerol, such as production of energy 
carriers (H2, CH4) or of other chemicals and chemical intermedi- 
ates (acrolein, methanol, syngas) has become an active research 
topic and development area to increase the overall economics of 
the biodiesel process [8-10]. 

One of the possible conversion technologies for glycerol involves 
the use of supercritical water (SCW) as processing medium. SCW has 
received considerable attention recently and was shown a suitable 
reaction medium for biomass reforming. Supercritical water reform- 
ing (SCWR) of different types of biomass and of model compounds 
has been studied both with and without the addition of catalyst 
[11-17]. The presence of a catalyst is known to affect the rate of the 
conversion and the gas composition. As operating temperatures can 
be lowered when catalysts are used, the energy required for the 
process is lower and the operating costs of SCWR go down. 

Despite the increasing interest in SCWR of glycerol, no review is 
available that would collect and compare the existing data. There- 
fore in this paper the authors provide a first overview of the relevant 
investigations on SCWR of glycerol. The review starts with a brief 
presentation of glycerol as byproduct from biodiesel production and 
of supercritical water reforming. Next the findings of different 
research groups on SCWR of glycerol are presented in two sections, 
as a function of the final reaction products, liquid compounds or 
gases. Finally a comparison of these findings is performed. 


2. Materials 
2.1. Glycerol 


Glycerol is the main byproduct of a biodiesel production 
process involving the transesterification of triglycerides (Fig. 2). 
Approximately 1kg of glycerol is produced for every 9kg of 
biodiesel. Currently, glycerol is used in personal and oral care, 
food, tobacco, polymers and pharmaceutical applications and as 
co-feed for biogas production [18]. However, most of the glycerol 
byproduct from biodiesel plants is disposed without utilization, 
because of its impurities and the difficulties encountered during 
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Fig. 1. Derivatives of glycerol [6]. 
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Fig. 2. The production of biodiesel and glycerol from vegetable oil. 


Table 1 
Relevant properties of water at different conditions [32]. 


Water Steam Subcritical Supercritical 
water water 

Temperature T (K) 298 673 523 673 673 
Pressure P (MPa) 01 01 5.0 25.0 50.0 
Density p (g/cm?) 1 0.0003 0.80 0.17 0.58 
Dielectric constant € 78.5 ~1 27.1 5.9 10.5 
PKw 14.0 / 11.2 19.4 11.9 
Heat capacity cp (kJ/kg/K) 4.22 2.1 4.86 13.0 6.8 
Dynamic viscosity 7 0.89 0.02 0.11 0.03 0.07 

(mPa s) 
Heat conductivity 4 608 55 620 160 438 

(mW/m/K) 


purification. These impurities include alkali metal catalysts, salts 
of fatty acids, excess methanol and fatty acid methyl esters [18]. 

The global glycerol market, like other commodity markets, is 
known for its unpredictability and complex nature. In June 2000 
the crude glycerol price stood above 800 US$/mt. Due to the 
production of large quantities of biodiesel and associated crude 
glycerol from 2000 onwards the price started to swing dramati- 
cally and after a free fall bottomed at a level below 100 US$/mt in 
June 2005. The crude glycerol price then recovered until the 
beginning of the economic recession, when demand and therefore 
market price fell rapidly again, to around 100 US$/mt in 2009. 
A further drop in the crude glycerol price was anticipated but did 
not materialize. Instead, in 2011 the glycerol price has been 
trending upwards due to European biodiesel production stabiliz- 
ing and additional innovative glycerol applications, such as 
glycerol-derived propylene glycol and glycerol-derived epichlor- 
ohydrin, on the rise [19]. 

To increase the overall economics of the biodiesel process, 
several studies have been conducted on the conversion of glycerol 
to biobased chemicals (Fig. 1) and energy carriers such as Ho. 
Besides glycerol reforming in SCW, another hydrothermal pro- 
cess, steam reforming, has received high attention in the last 
years for syngas and H; production. In the latter process glycerol 
is catalytically converted to syngas and subsequently to H3 at 
high temperature (600-1000 K) and atmospheric pressure in the 
presence of water. Typical catalysts used are: nickel [20-26], 
platinum [23,26-29], iridium [21,25], cobalt [21,26], copper [26], 
palladium and ruthenium [25], usually on CeOz, Al2O3 or La203 
supports. 


2.2. Supercritical water 


Water is in the supercritical state when both temperature and 
pressure are above the critical point (T-=647 K, P-=22.1 MPa). 
Relevant physico-chemical properties of water, such as density, 
dielectric constant, ion product, heat capacity and viscosity differ 
significantly from those in liquid water or water in the vapor 
phase (Table 1). At room temperature and atmospheric pressure 
the dielectric constant of water is high. As temperature and 
pressure increase, there is a sharp decline in the dielectric 
constant. This change affects the solubility of other components 
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in water and actually SCW behaves as a nonpolar solvent. As a 
consequence, the dissolving capacity for polar (inorganic) 
compounds decreases [11,30-32]. At elevated temperatures, the 
viscosity of water decreases, which results in higher values for 
diffusion coefficients of dissolved compounds. The density and 
ion product of SCW are also lower than those of water at normal 
conditions. This may result in changes in reaction mechanisms 
when modifying the reaction conditions from ambient to sub- 
critical and supercritical conditions [11]. Therefore, depending on 
the conditions of temperature and pressure, either free radical 
or polar and ionic reactions may take place. Decomposition of 
biomass in sub- and supercritical water is fast, high solubility of 
the intermediates in SCW inhibits tar and coke formation and 
high product yields are obtained at relatively low temperatures 
[33,34]. 

SCW has been used as a processing medium for various types 
of biomass and model compounds such as cellulose [12,13], lignin 
[14,15], glucose [16,17] etc. Glycerol is a promising biomass 
feedstock for SCWR. Crude glycerol contains water and its 
hydrothermal conversion can be performed without prior drying. 
Besides water, methanol, fatty acid methyl esters and salts are 
also present in crude glycerol as impurities. In SCW the solubility 
of most ionic species is low and as a result salts that are present in 
the feedstock will tend to precipitate from the solution. They may 
precipitate on the reactor wall, in or on the pipes or on the 
catalyst surface, reducing its effective surface area and activity. 
Therefore salt removal is an important part of supercritical-water 
technologies [35,36]. 

During SCWR of glycerol with or without a catalyst low 
molecular weight liquid components and permanent gases can be 
obtained. The production of liquid components aims to the forma- 
tion of chemical intermediates, mainly acrolein. Sulfuric acid or 
sulfates were used for the dehydration of glycerol [37-40]. How- 
ever, these catalysts were difficult to recover from the reactor 
effluent. They may cause corrosion problems and may also plug the 
reactor as the solubility of salts in SCW is low. Alkali compounds, 
such as Na2CO3 [41] or NaOH [42] were also proposed as catalysts. 
The main concern of all groups studying glycerol reforming in SCW 
is to increase feed conversion and reaction selectivity. The main 
goal when obtaining permanent gases is the production of H2, but 
in all cases a gas mixture is obtained. The gas mixture consists of 
H2, CO, CO2, methane and higher hydrocarbons. The composition 
strongly depends on the process conditions [43]. 

In Table 2 an extensive overview of catalysts, reaction condi- 
tions and reaction products for glycerol reforming is given. 
The experimental procedure and results of the studies reviewed 
in Table 2 are described in the following paragraphs. 


3. Glycerol reforming in supercritical water 
3.1. Obtaining low molecular weight liquid components 


Glycerol was decomposed in SCW to obtain chemical inter- 
mediates, mainly acrolein, which could be further used in chemi- 
cal syntheses. Glycerol conversion and acrolein selectivity were 
the main parameters studied by all. 

Antal et al. [37] investigated cellulose and glycerol decomposition 
in SCW using NaHSO, as catalyst. The reaction products consisted 
of acrolein, acetaldehyde and a gaseous mixture containing mainly 
H2 and CO. It was shown that the catalyst enhances acrolein 
formation at 633K, but has practically no effect on the product 
yields at 773 K. The results indicate that at higher temperatures a 
free radical mechanism is dominant in glycerol decomposition, with 
carbon-carbon cleavages leading to the formation of gases, whereas 


at lower temperatures heterolytic reactions involving ionic inter- 
mediates lead to the formation of acrolein. 

Ramayya et al. [38] studied the acid-catalyzed dehydration of 
ethanol, n-propanol, ethylene glycol and glycerol in SCW. They 
found that glycerol is relatively stable in water at 34.5 MPa and 
573 K. By adding small amounts of sulfuric acid, the dehydration 
of glycerol to acrolein occurred between 573K and 623K. 
Acetaldehyde was formed as a byproduct of the reaction. The 
authors explained the catalytic behavior of sulfuric acid by the 
fact that at higher pressure and above 673K mineral acids 
dissociate in water and catalyze a variety of heterolytic bond 
cleavages. 

Krammer et al. [32] showed that hydration, dehydration and 
hydrolysis reactions take place in SCW without additional cata- 
lysts, such as acids or bases, with high selectivity and with high 
yields. For glycerol they observed that the reaction takes place at 
temperatures higher than 623 K, with the formation of acrolein 
and water. 

Bühler et al. [44] analyzed the products obtained during the 
decomposition of glycerol in near- and supercritical water. For the 
reaction conditions employed (Table 2), they obtained a conver- 
sion up to 31%. Formation of gaseous products occurs at tem- 
peratures above 673 K, as products of free radical mechanism. The 
formation of gaseous products decreases with pressure. The main 
products of the glycerol degradation are: methanol, acetaldehyde, 
propionaldehyde, acrolein, allyl alcohol, ethanol, formaldehyde, 
CO, COz, and Hz. Minor products are: acetone, ethane, ethene, 
propene, propane, butenes, butanes, methyl-hydroxy-dioxanes 
and some other products with higher molar masses. Two reaction 
pathways were proposed, viz. (i) pathway in which ionic reactions 
prevail (higher pressures and/or lower temperatures) yielding 
acetaldehyde, formaldehyde and propionaldehyde, and (ii) free 
radical degradation (lower pressures and/or higher tempera- 
tures), mainly to methanol, allyl alcohol, CO, CO, and H3. Acrolein 
is found in both pathways as a by-product. 

Zinc sulfate was used as a catalyst by Ott et al. [39]. The 
maximum obtained acrolein selectivity was 75 mol% at 633 K, 
25 MPa and a catalyst concentration of 470 ppm which corre- 
sponded to a glycerol conversion of 50%. 

The dehydration of polyols in sub- and supercritical water was 
studied by Lehr et al. [40]. They used 1,2- and 1,3-propanediol, 
1,2-butanediol, glycerol and m-erythritol. At 633 K and 34 MPa 
glycerol was converted into acrolein using ZnSO, as catalyst. The 
influence of the residence time on the reaction output was 
analyzed and a maximum conversion to acrolein was observed 
after approximately 90 s. 

Watanabe et al. [45] conducted experiments for glycerol 
conversion in sub- and supercritical water using both batch and 
flow reactors with and without the addition of H2SO,. In the 
absence of acid catalyst glycerol conversion was lower in batch 
experiments than in continuous ones. The conversion increased 
with temperature and reaction time, while the yield of acrolein 
decreased with increasing conversion due to subsequent decom- 
position reactions. Addition of H2SO, enhanced glycerol conver- 
sion and acrolein selectivity. The yield of acrolein also increased 
with increasing pressure and initial concentration of glycerol, and 
it decreased at higher residence times. The group also proposed a 
simple kinetic model for acrolein formation. 

In a study by Qadariyah et al. [46] the degradation products 
of glycerol at limited temperatures <673 K were mainly acetalde- 
hyde, acrolein and allyl alcohol, and a high glycerol conversion was 
obtained (99.92%). Acetaldehyde was formed only in subcritical 
water; allyl alcohol was identified only in supercritical conditions 
while acrolein was formed both in sub-critical and supercritical 
conditions. The distribution of products was explained by a change 
in the reaction pathways, going from ionic to free radical reactions. 
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Table 2 
Overview of reaction conditions and catalysts for glycerol reforming in supercritical water. 
Catalyst Reactor type Cyiyceroi (Wt%) Temperature Pressure Reaction Products Ref. 
(K) (MPa) time (s) 
NaHSO4 Not known Not known 633,773 35 90 Acrolein, acetaldehyde, Hz, CO, CO2, CH4, C2H4, C2H6; up to 32% [37] 
glycerol conversion 
H2504 Flow reactor 5 573-623 34.5 16-39 Acrolein, acetaldehyde, CO2, C2H4, CO; up to 32% glycerol [38] 
Hastelloy conversion 
C276 
- Flow reactor 5 523-673 25 120 Acrolein [32] 
Inconel 625 
- Flow reactor Not known 622-748 25, 35,45 32-165 Methanol, acetaldehyde, propionaldehyde, acrolein, allyl alcohol, [44] 
Inconel 625 ethanol, formaldehyde, CO, CO2, H2, ethanol, acetone, C2He, C2H4, 
propene, propane, butenes, butanes, methyl-hydroxy-dioxanes; up 
to 31% glycerol conversion 
ZnSO4 Flow reactor 1 573-663 25-34 10-60 Acrolein; up to 80% glycerol conversion [39] 
SSP? 1.4401 
ZnSO4 Flow reactor 0.5-10 633 34 10-180 Acrolein [40] 
ss?1.4401 
H2504 Batch 2.33 573-673 25-34.5 600- Acrolein (up to 74.3 mol%), acetaldehyde, formaldehyde, [45] 
reactor 3600 hydroxyacetone, allyl alcohol; up to 90% glycerol conversion 
$s°316 
Flow reactor 0.65-3.24 5-80 
SS? 316 
- Batch 6.89-16.86 473-673 30 1200- Acetaldehyde, acrolein, allyl alcohol; up to 99.92% glycerol [46] 
reactor SUS 3600 conversion 
304 
TiO» WO3/TiO2 Flow reactor 0.46 673 33 Not Acrolein, acetaldehyde, propionic acid, hydroxylacetone, lactic acid, [47] 
known allyl alcohol, propionaldehyde, acetone, acetic acid, acrylic acid 
CSAC? Flow reactor 18.72 873 34.5 44 Hz, CO, CO2, CHa, C2H6 [48] 
Inconel 625 
CSAC? Flow reactor 18.72 938 28 60 Hə (up to 51 mol%), CO, CO2 (up to 35 mol%), CH4, C2H6; up to 100% [49] 
Hastelloy glycerol conversion 
C276 
- Flow reactor 18.71 980-991 28 40 Hz (up to 52 mol%), CO, CO, (up to 36 mol%), CH4; up to 98% [50] 
Hastelloy glycerol conversion 
C276 
- Flow reactor 1 573-773 15-25 450 Hə (more than 60%), CH4, COz, formaldehyde; up to 40% glycerol [51] 
conversion 
Ru/TiO2 Batch 1-20 673-1073 5-45 60 Hə (up to 15%), CO (up to 55%), CO2, CH4, C2, hydrocarbons; up to [52] 
reactor 100% glycerol conversion 
Quartz 
capillary 
Ru/Al203 Flow reactor 5-40 973-1073 24.1 5 Hz (up to 70 mol%), CO, CO2, CH4; more than 99% glycerol [53] 
Inconel 600 conversion 
Na2CO3 Flow reactor 1 653-773 25 59-296 Hə (up to 60 mol%), CO, CO2, CH4, C2, hydrocarbons; up to 98% [41] 
Hastelloy glycerol conversion 
C276 
NaOH Batch 42.34 573-673 8.5-31 240- H2 (up to 90 vol%), CO, CO2, C1-C2 hydrocarbons [42] 
reactor 2040 
Hastelloy C 
Ru/ZrO, Flow reactor 5 783-823 35 2-10 acetaldehyde, acetic acid, hydroxyacetone, acrolein, H2, CO, CO2; up [54] 
to 100% glycerol conversion 
K,CO3 Flow reactor 10 873 25 5 Hz (up to 55 mol%), CO (up to 32 mol%) CO2, CH4; up to 100% [55] 
Inconel 600 glycerol conversion 
—/Crude‘ Flow reactor 5-20 733-923 25.5- 6-173 H2, CO, CO2, C1-C3 hydrocarbons; up to 100% glycerol conversion [43] 
Incoloy 825 27.0 
Pt/CeZrOz Ni/ZrO2 Flow reactor 10 648-973 25.5- 8-87 Hp, CO, COz, CH4, C2H6, C2; up to 100% glycerol conversion [56] 
Ni/CaO-6AI,03 Incoloy 825 27.0 
NiCu/CeZrO2 
CuZn 
Ni/CaO-G6AI,03 Flow reactor 3-10 984-998 24-27 30-35 Hə, CO, CO2, C,Hy; 95.0-99.9% glycerol conversion [57] 
Incoloy 825 
- Pilot plant 6.6-40 923 25.5- l Hə (up to 53 mol%), CO, CO2, CH4 [58] 
31.6 
NaOH Na2CO0; KOH Flow reactor 10-50 718-873 25 3.9-9 Hə, CO, CO2, CH4, C2H4, C2H6; up to 100% carbon and hydrogen [59] 
K3CO3 Hastelloy gasification 
C276 
K2CO3 Batch 5, 10 (pure 723-873 25 300- H2, CO2, CH4, C2H6, acetaldehyde, propionaldehyde, acrolein, [60] 
reactor glycerol) 3.5 7200 methanol, 1-propanol, ethylene glycol, allyl alcohol, 
Inconel (crude glycerol) 1,2-propanediol 
718SS°316 
NaOH Batch 10-30 573-703 30 5-120 Hə, CO», CO, CH4, acetaldehyde, formic acid, glycolic acid, propionic [61] 
reactor acid, formaldehyde, acetone, methanol; up to 57.5% glycerol 
$S°316 conversion 


* Coconut shell activated carbon. 


P Stainless steel. 


€ The crude glycerol contained NaCl. 


4 Concentration of glycerol in biodiesel byproduct. 
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The authors performed kinetic analysis and described the overall 
reaction rate by pseudo-first-order kinetics which showed that below 
the critical temperature the reaction rate increases while, in super- 
critical regions, the reaction rate decreases with increasing 
reaction time. 

Akizuki and Oshima [47] studied the dehydration of glycerol in 
supercritical water at 673 K and 33 MPa using TiO and WO3/TiO2 
catalysts. They found that all catalysts promoted glycerol conver- 
sion and the reaction rate increased with an increase in WO3 
content. The main products of the reaction were acrolein and 
acetaldehyde, and the yield of acrolein increased in the presence 
of WO3. A reaction route and a process kinetic involving first and 
pseudo-first order reactions were also proposed. The group also 
noticed that in supercritical water the structure of TiO changed 
from anatase to rutile, and the addition of WO3 suppressed this 
change. 


3.2. Obtaining permanent gases 


Commonly H2 is commercially produced from glycerol by 
catalytic steam reforming. Recent investigations focused on the 
possibility of avoiding the use of expensive catalysts by increasing 
the reaction pressure and operating above the critical point of 
water. Extensive research is employed in optimizing the glycerol 
conversion and syngas yield (CO and H2), and minimizing pro- 
duction of hydrocarbons. 

Xu et al. [48] studied the SCWR of glycerol over various types 
of carbon catalyst (spruce wood charcoal, macadamia shell 
charcoal, coal activated carbon and coconut shell activated 
carbon). The effect of temperature, pressure, feed concentration, 
reaction time and type of catalyst on the reforming of glycerol 
were reported. The results suggest that temperatures above 873 K 
and pressures above 25 MPa are required to achieve high conver- 
sion for concentrated organic feeds. It was also shown that the 
available surface area of the carbon catalyst does not greatly 
influence its effectiveness as a catalyst. With and without a 
catalyst, glycerol can be completely gasified to a hydrogen-rich 
gas, with carbon catalyst affecting the gas composition. 

Coconut shell activated carbon was used as catalyst by Antal and 
Xu [49,50]. The results showed that almost all glycerol in the feed 
can be converted, the reaction being catalyzed both by the reactor 
wall and by carbon catalyst. It is suggested that the catalytic 
conversion of polyols to H2, COz and CO involves the preferential 
cleavage of carbon-carbon bonds and that Pt-based catalysts may 
be preferred. 

Kambayashi and Nishi [51] studied the decomposition of 
methanol, acetic acid, ethanol and glycerol without a catalyst. 
At 773 K and 25 MPa they obtained a conversion efficiency of 
glycerol of 40.3%, H2 representing more than 60% of the final gas 
mixture. 

Kersten et al. [52] investigated the reforming of glycerol, 
glucose and pinewood. The batch experiments were performed 
in quartz capillary reactors, this allowing the assessment of the 
catalytic influence of a metal reactor wall, by comparison with 
previous studies. Pressures in the range of 5-50 MPa do not affect 
the conversion and product yield and, in the absence of catalyst, 
complete conversion to the gas phase is possible only for diluted 
feedstock solutions. It was also noticed that by increasing the 
temperature above 923 K the carbon conversion is not signifi- 
cantly increased. Inconel 625 powder added to the capillary 
reactors to analyze the catalytic influence of the reactor wall 
showed higher carbon conversions and higher yield of gases. 
Na* cations appear to promote the water-gas shift reaction, 
which leads to more Hz and less CO but does not necessarily 
increase the carbon conversion. 


Ru/Al203 was studied by Byrd et al. [53] (see also Table 2) as 
catalyst for SCWR of glycerol. The group observed that under the 
employed conditions glycerol was completely decomposed to H3, 
CO2 and methane along with small amounts of CO. They observed 
that the yield of H3 is favored by dilute feed concentrations, short 
residence time and high temperature. Byrd et al. recommend the 
best conditions for producing Hz being T> 898K and a molar 
ratio of water to glycerol of 9:1. Under these conditions methane 
production is minimized and carbon formation is thermodyna- 
mically inhibited. 

The effect of Na2CO3 on SCWR of glycine and glycerol was 
shown by Xu et al. [41], demonstrating a lower glycerol conver- 
sion and lower Hp yield. 

Onwudili and Williams [42] studied crude glycerol (mainly 
glycerol, methanol and fatty acid methyl esters) in the presence of 
water under sub- and supercritical conditions. NaOH was used as 
catalyst, and the results were compared with those for pure 
glycerol. With increasing concentration of NaOH more H2 was 
formed, while the concentrations of CO, CO, and hydrocarbons 
show decreasing trends. The group also observed that the forma- 
tion of carbon can be suppressed in the presence of NaOH. 

May et al. [54] conducted experiments for the conversion of 
glycerol in SCW with and without catalyst. In the absence of 
catalyst, at 35 MPa and 783 K the highest conversion of glycerol 
was of 22% and was obtained after 8.5s. The main reaction 
products were acetaldehyde, hydroxyacetone and acetic acid. 
Gaseous products comprised H, carbon oxides and methane. 
At higher temperature (823 K) almost complete conversion was 
achieved after 8s. Under these conditions the yields of liquid 
products reached a maximum and, at high glycerol conversion, 
started to decrease due to decomposition to gases, especially 
carbon oxides. The group observed that the use of 1 wt% Ru/ZrO> 
catalyst enhanced glycerol conversion significantly. Acetic acid 
became the main condensable product instead of acetaldehyde 
and the yields of Hz, carbon oxides and methane increased. 
However carbon production was noticed following catalyzed 
reactions, especially at lower temperature. It was concluded that 
although the Ru/ZrO2 catalyst presented good stability and overall 
activity, its selectivity towards reforming reactions was not high 
enough in the studied temperature range. 

Chakinala et al. [55] conducted glycerol reforming experi- 
ments in a continuous flow reactor for 10 wt% glycerol solution 
and in the presence of amino acids (t-alanine, glycine, and 
l-proline) and alkali salt (K2CO3). For solutions without additives 
the group obtained a glycerol conversion of 66% (at 873 K and 
25 MPa) without char formation, while the gas products consisted 
of H2, CO, CO2, methane and small amounts of C2—C3 hydrocar- 
bons. Glycerol conversion and gas yield were favored by increas- 
ing temperature and residence time. The gasification of glycerol 
was not affected by the presence of t-alanine and glycine. 
The presence of t-proline however caused a significant reduction 
of the gasification efficiency and gas yield. All amino acids 
induced the formation of char. The addition of KCO; lead to a 
complete conversion of glycerol and intensified the H2 yield by 
promoting the water-gas shift reaction. The group also performed 
chemical equilibrium calculations based on Gibbs free energy 
minimization, using a modified Soave-Redlich-Kwong equation 
of state to calculate the fugacity coefficients. 

Van Bennekom et al. [43] investigated the reforming of pure 
glycerol, crude glycerol and methanol in SCW. The experiments 
were performed both in a laboratory scale unit (1 L aqueous 
feed/h) and a pilot plant (10 L aqueous feed/h) at temperatures 
between 723 and 923K and pressures between 25.5 MPa and 
27 MPa. H2, CO, CO2, methane and higher hydrocarbons were 
produced with comparable efficiencies for both pure and crude 
glycerol. Conversion increased with temperature and residence 
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time for both types of glycerol. The presence of alkali (Na2CO3) in 
the feed enhanced glycerol conversion at low temperatures, while 
the effect was less visible at higher temperatures. The group 
noticed that the effect of the feed concentration on glycerol 
conversion and gas yield was more pronounced for the SCWR of 
crude glycerol, where the salt deposition may result in the loss of 
catalytic activity of the reactor wall. No coke formation was 
observed and only minor quantities of liquid products (propionic 
acid, acetaldehyde, acetic acid, formaldehyde, methanol, and 
ethanol) were detected in the effluent. The group also performed 
experiments to determine the extent and progress of the water- 
gas shift reaction as a function of the operating conditions. For 
these experiments pure gases were mixed with water, introduced 
in the reactor and the output gas mixture was analyzed. The 
results showed that the water-gas shift reaction has a minor 
effect on the overall process, with slightly higher activity in the 
presence of Na2CO3. The group also calculated equilibrium gas 
yields at complete conversion and compared the results with 
experimental data. 

Van Bennekom et al. [56] also investigated a range of metallic 
catalysts, Pt/CeZrO2, Ni/ZrO2, Ni/CaO-6Al203, NiCu/CeZrOz and a 
CuZn alloy, for their influence on the carbon-to-gas efficiency and 
gas composition in the reforming of glycerol in SCW. The experi- 
mental conditions are summarized in Table 2. The results showed 
that the presence of catalysts improved the decomposition of 
glycerol into gaseous components. All catalysts promoted the 
water-gas shift reaction, while the ones based on Ni also promoted 
methanation. Coke was form when using Ni/ZrO2 and Pt/CeZrO2, 
which might be responsible for the reduction in activity at longer 
runtimes for these two catalysts. The group observed that the gas 
composition was significantly influenced by the presence and type 
of catalyst and they concluded that catalysts act upon glycerol 
decomposition in three stages: (i) initial decomposition of glycerol 
into water-soluble intermediate products; (ii) the conversion of 
these intermediate products to gas; and (iii) gas phase reactions. 
Equilibrium gas yields were also calculated and the results were 
compared to the experimental data. 

Next the group integrated SCWR into a process for the synthesis 
of methanol from aqueous glycerol [57]. Glycerol reforming was 
carried out at pressures of 24-27 MPa and temperatures of 948- 
998 K with 3-10 wt% feed concentrations. Different approaches 
were followed to obtain an appropriate stoichiometric ratio of the 
syngas: external Hə was added to the syngas after the reformer; 
a Ni/CaO-6AI,03 catalyst was used to reduce the hydrocarbon 
content and to promote the water-gas shift reaction; and different 
feed concentrations were used. The glycerol conversion was almost 
complete for all experiments. 

Based on results regarding the SCWR of glycerol into Hz rich 
synthesis gas, Anger et al. [58] designed and built a pilot plant for 
which the required thermal energy would be supplied by a porous 
burner unit using glycerol and a part of the synthesis gas as fuel. 
The fuel gas resulting from the pilot plant consisted of H2, methane, 
CO and CO,, and its composition was dependent on the water/ 
glycerol ratio in the feed. The H3 yield increased with increasing 
water content, while CO and methane yields decreased. This fuel 
gas was used to operate an engine and to produce electrical and 
thermal energy. 

Guo et al. [59] performed glycerol gasification by supercritical 
water in a continuous flow tubular reactor at 718-873 K and 
25 MPa, with short residence times of 3.9-9.0 s. Different alkali 
catalysts were used: NaOH, Na2CO3, KOH and K2CO3. The effect of 
reaction temperature, residence time, glycerol concentration and 
type of catalyst on gasification was studied. The results showed 
that the gasification efficiency was favored by higher tempera- 
tures, long residence times and lower glycerol concentration. 
The alkali catalysts enhanced the water-gas shift reaction, NaOH 


being the most active. No char was observed in all experiments. 
The group also performed a simple kinetic study by assuming 
pseudo first order kinetics. 

Yu-Wu et al. [60] reported about the supercritical water 
conversion, with and without catalyst (K2CO3), of crude glycerol 
compared to pure glycerol. The group used batch reactors to 
analyze the formation of intermediate compounds during glycerol 
decomposition. They observed that SCW gasification of crude 
glycerol favored the formation of light hydrocarbons, while pure 
glycerol promoted H; production. The difference between the two 
feeds was explained by the presence of sodium salts in crude 
glycerol. The gasification efficiency increased with process tem- 
perature, reaction time and the use of catalyst. Acrolein was 
mainly produced in the absence of catalyst, and no char was 
formed during the reactions. 

Müller and Vogel [61] studied coke formation during hydro- 
thermal reforming of glycerol. They developed a procedure for 
separating and measuring the amounts of both tar and coke 
formed during the reaction. The batch experiments were con- 
ducted in a temperature range of 573-703 K, residence times of 
5-120 min and feed concentrations up to 30 wt% at pressures 
around 30MPa. Coke formation was observed at subcritical 
temperatures and long residence times, and the amount of coke 
decreased at higher temperatures and diluted feed solutions. 
NaOH, added to change the pH of the reaction mixture, seemed 
to inhibit the conversion of glycerol [61]. 


3.3. Thermodynamic analysis 


The experimental results presented by the various groups 
on glycerol reforming in SCW have shown that a wide range of 
products and compositions is attainable by varying the process 
parameters such as temperature, pressure, feed ratio, reaction 
time or type of catalyst. To optimize the yields of useful products, 
such as Hə or acrolein, it is necessary to apply thermodynamic 
models which can accurately predict the outcome of a reaction 
under certain conditions when at equilibrium and therefore set 
the yield boundaries. 

Thermodynamics of glycerol reforming in SCW were studied 
by several researchers [62-69]. Voll et al. [62] used Gibbs free 
energy minimization and gas fugacities to calculate the equili- 
brium composition for SCW gasification of methanol, ethanol, 
glycerol, glucose and cellulose. For glycerol, the equilibrium gas 
yield was calculated as a function of temperature, at a pressure 
of 24.1 MPa and feed concentration of 5 wt%. The results were 
compared with the experimental data obtained by Byrd et al. [53]. 
Based on both theoretical and experimental data the group 
concluded that low feed concentrations of glycerol and high 
temperatures lead to higher H, yields. 

In the work by Castello and Fiori [63] SCWR of glycerol was 
analyzed by means of a two-phase non-stoichiometric thermo- 
dynamic model, based on Gibbs free energy minimization. Two 
different types of analysis were performed: the first addressing 
the conditions that lead to the formation of char, and the second 
focused on energy aspects. The analysis indicated that the 
formation of char is favored at high feed concentration (higher 
than 60 wt%), higher pressure (over 1 MPa) and lower tempera- 
ture (less than 1173 K). The simulations performed to evaluate 
the energy needs of SCWR showed that the process is weakly 
exothermic for temperatures below 953 K and weakly endother- 
mic above 953 K. The model results were compared with the 
experimental data obtained by Byrd et al. [53] and a very good 
agreement was obtained for the H, yield. 

Gutiérrez Ortiz et al. [64,65] performed a systematic thermody- 
namic analysis by the total Gibbs free energy minimization method 
(AspenPlus™ software using Soave-Redlich-Kwong equation of state 
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(EOS) for the simulation of the supercritical region). The analysis has 
been conducted on SCWR of pure and crude glycerol, with [64] and 
without partial oxidation [65]. The aim was to identify the operating 
conditions that maximize Hz production. It was found that crude 
glycerol generates less Hz than pure glycerol, due to the presence of 
methanol (20 wt%). The analysis also showed that feed composition 
influences the resulting gas; if the water/glycerol ratio decreases, H2 
and CO yields decrease, while methane yield increases. Therefore 
high water concentration benefit high H2 yield. Based on these results 
Gutiérrez Ortiz et al. [66] proposed an energy self-sufficient system 
for reforming glycerol with supercritical water by using the product 
gas as fuel to provide the thermal energy required by the reforming 
process. Using AspenPlus™ software, the group investigated the 
effect of the main operating parameters on power production and 
analyzed the overall thermodynamic efficiency. The system was 
further integrated in a methanol synthesis process [67]. The gases 
obtained from glycerol reforming were expanded in a turbine, next 
upgraded by pressure swing adsorption technology and then fed into 
a methanol synthesis loop. Part of the unreacted synthesis gas was 
recycled while a fraction of it was purged. The energy required in the 
process was provided by burning some of the produced gasses. Some 
parameters (temperature, water-to-glycerol mass ratio and purge 
ratio) were analyzed for optimizing the overall process relative to 
methanol and power production. The group concluded that the 
highest yield of methanol (0.270 kg MeOH/kg glycerol) and overall 
energy efficiency (38.0%) are obtained by glycerol reforming at 
1273 K and 24 MPa, using a water-to-glycerol mass ratio of 1.68 
and a purge ratio of 0.2 [59]. 

Fiori et al. [68] analyzed the supercritical water gasification 
of glycerol, microalgae, sewage sludge, grape marc and phenol for 
Hz production in terms of process development and energetic 
self-sustainability. They proposed a plant design simulated by 
means of AspenPlus™ software and they studied the possibility 
of sustaining the reaction by burning the resulting gas mixture, 
while purified H2 is fed to fuel cells. Simulations were performed 
at various operating conditions: different temperatures (773 K, 
973 K and 1173 K), pressures (25.0, 30.0 and 35.0 MPa) and feed 
concentrations ranging from 5 wt% to 35 wt%. The results showed 
that syngas and methane production rises as the glycerol feed 
concentration increases, while Hz production first increases, then 
stabilizes around a maximum, and finally starts to decrease. 
An increase in the temperature causes a significant rise in the 
Hə production. The reaction can be energetically sustained by 
burning the produced syngas if a minimum glycerol feed con- 
centration of 15-25 wt% is used, since at this concentration the H2 
production is maximal [68]. 

Azadi [69] proposed an integrated reforming process for the 
production of hydrogen and methane from wet biomass, using 
glycerol as model compound. Ru and Ni were considered as 
appropriate catalysts for the reforming of glycerol and water-gas 
shift reaction, while the required energy was provided by molten 
salts previously heated by solar energy. For the process, simulated 
by AspenPlus™ software and Peng-Robinson equation of state, 
feed concentrations of 5, 10 wt% and 20 wt% were considered for 
gasification at 673-773 K and 25 MPa. The results show that the 
product gas consisted of methane, hydrogen and carbon dioxide, 
and that low temperatures and high feed concentrations favor 
higher methane yields. Azadi also analyzed the thermal and 
electrical efficiency of the integrated reforming/solar thermal 
system and compared it with that of the solar thermal/steam 
turbine system and the self-sufficient reforming process where the 
process heat is provided by combusting a fraction of the gas 
products. He concluded that the proposed integrated process 
eliminates the shortcomings associated with energy from fossil 
fuels and utilizes the solar energy stored in molten salts in a more 
efficient way compared to power generation by steam turbines. 


4. Conclusions 


This paper reviews the recent research on supercritical water 
reforming of glycerol which was studied by different groups as a 
promising technique for converting glycerol to useful products. In 
most studies the experiments were performed in flow reactors and 
the products consisted mainly of acrolein and acetaldehyde as 
liquid compounds and a gaseous mixture containing mainly Ho, 
COz and CO (Table 2). The results show that the conversion of 
glycerol in supercritical water increases with temperature and 
reaction time [43,45,53,55,59-61], and is higher for dilute feed 
solutions [52,53,59]. The composition of the reaction output can be 
steered with the process conditions and the use of catalysts. ;It was 
suggested that at higher temperatures a free radical mechanism is 
dominant in glycerol decomposition, with carbon-carbon clea- 
vages leading to the formation of gases, whereas at lower tem- 
peratures heterolytic reactions involving ionic intermediates lead 
to the formation of acrolein and other liquid compounds 
[37,44,46,60]. The formation of gaseous products decreases with 
increasing pressure [44] while the yield of acrolein increases with 
increasing pressure and initial concentration of glycerol, and 
decreases at higher residence times [45]. Also the yield of acrolein 
decreases with increasing conversion due to subsequent decom- 
position reactions [45]. The yield of Hz is favored by dilute feed 
solutions, short residence time and high temperature [53,68]. 

Different catalysts have been proposed, and their influence has 
been analyzed and discussed. Metal salts, acids and alkalis were 
used as homogeneous catalysts. Metal salts (NaHSO.z, ZnSO.) and 
acids (H2SO,) enhanced glycerol conversion and acrolein formation 
[37-40,45]. Since crude glycerol obtained from biodiesel industry 
always contains some alkalis due to base catalytic transesterifica- 
tion processes, the effect of alkali catalyst on SCWR of glycerol was 
also studied [41,42,55,59,60]. The results showed that the addition 
of alkali catalysts significantly increases the Hz and CO, yields and 
decreases CO yield by promoting the water-gas shift reaction 
[52,59,60]. The main problem when using homogeneous catalysis 
is the low solubility of salts and alkalis in supercritical water, 
which may lead to precipitation and plugging of the reactor [59]. 
As heterogeneous catalysts, metals on different supports (Ru/TiO2, 
Ru/Al203, Ru/ZrOz2, Pt/CeZrO2, Ni/ZrO2, Ni/CaO-6Al203, NiCu/ 
CeZrOz, CuZn) were used to increase glycerol conversion and the 
yield of gas formation [52-54,56,57]. Ruthenium and nickel cata- 
lysts promote methanation [56] while all metallic catalysts influ- 
ence the water-gas shift reaction [56]. Coconut shell activated 
carbon was also proposed for enhancing glycerol gasification in 
supercritical water [48,49]. Because most tests were performed in 
metal reactors, the catalytic behavior of the reactor wall had to be 
also considered. It was found that the wall of the reactor favors 
glycerol conversion [49,50,52]. 

One of the biggest challenges associated with supercritical 
water reforming of glycerol is the formation and deposition of 
carbon, which may cause plugging of the reactor or deactivation 
of the catalyst. The results obtained by different groups showed 
that carbon formation may be suppressed by the application of 
high temperature [53,61], short residence time [61], low feed 
concentration [61] and the use of catalyst [42,43]. 

The experimental results were used for kinetic studies and 
for optimization of the process by thermodynamic analysis. 
The overall reaction rate was described by pseudo-first-order 
kinetics [46,47,59]. Gibbs free energy minimization was used to 
calculate the equilibrium composition for SCW gasification of 
glycerol [55,62-65]. In agreement with the experimental results, 
the thermodynamic studies showed that low feed concentrations 
of glycerol and high temperatures lead to higher H2 yields 
[62,64,65] and char formation is favored at high feed concentra- 
tion, higher pressure and lower temperature [61,63]. 
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The results reviewed in this paper suggest that the conditions 
employed during supercritical water reforming of glycerol should 
depend on the target reaction products. Low temperatures, high 
pressures, concentrated feed solutions and acidic catalysts will 
generate liquid products, with acrolein as the main compound. 
For gasification, high temperatures, lower pressures, dilute feed 
solutions and alkali or metal catalysts should be used. 

This review summarizes the experimental findings in a field with 
a high potential for industrial application. Despite the promising 
results obtained by various groups, we conclude that additional 
studies are still necessary for process optimization and scale-up. 
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